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Abstract The pgr1 mutant of Arabidopsis thaliana carries a
single point mutation (P194L) in the Rieske subunit of the
cytochrome b6/f (cyt b6/f) complex and is characterised by a
reduced electron transport activity at saturating light intensities
in vivo. We have investigated the electron transport in this
mutant under in vitro conditions. Measurements of P700
reduction kinetics and of photosynthetic electron transport rates
indicated that electron transfer from cyt b6/f to photosystem I is
not generally reduced in the mutant, but that the pH dependence
of this reaction is altered. The data imply that the pH-dependent
inactivation of electron transport through cyt b6/f is shifted by
about 1 pH unit to more alkaline pH values in pgr1 thylakoids
in comparison with wild-type thylakoids. This interpretation was
confirmed by determination of the transmembrane vpH at
different stromal pH values showing that the lumen pH in pgr1
mutant plants cannot drop below pH 6 reflecting most likely a
shift of the pK and/or the redox potential of the oxidised Rieske
protein. - 2002 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
Photosynthesis of higher plants is driven by light-induced
electron transfer from the water oxidising photosystem II
(PSII) to the ferredoxin reducing photosystem I (PSI). Elec-
tron transport between the two photosystems is mediated by
the cytochrome b6/f complex (cyt b6/f) which transfers elec-
trons from plastoquinol to plastocyanin. This reaction is ac-
companied by proton release into the thylakoid lumen. Plas-
toquinol oxidation by cyt b6/f is the rate limiting step of
photosynthetic electron transport in higher plants and is con-
trolled by the lumen pH (see [1] for an overview).
The Rieske iron^sulfur protein (ISP) plays a central role in
electron and proton transfer in all bc and bf complexes. Crys-
tal structures of the mitochondrial cyt bc1 complexes from
beef and chicken heart [2^5] indicated a pronounced confor-
mational £exibility of the ISP within the complex which is
assumed to be essential for both electron and proton transfer
[3,4]. From the high similarity of the [2Fe^2S] cluster-binding
domain of the ISP of the bovine bc1 and spinach b6/f com-
plexes a similar £exibility and role have been concluded for
the ISP in chloroplasts [6,7].
In bc complexes of Rhodobacter sphaeroides and bovine
mitochondria, a histidine ligand to the [2Fe^2S] cluster,
H152 in R. sphaeroides and H161 in bovine mitochondria,
has been identi¢ed as the group responsible for the pK of
about 7.5 of the oxidised ISP [8,9] giving rise to the pH de-
pendence of electron transfer through the bc complex. It has
been shown for di¡erent organisms that site-directed muta-
genesis of amino acids close to this region can induce mod-
i¢cations of the ISP redox potential [10^12]. In R. sphaeroides,
the Y156W exchange was accompanied by a shift of the pH
dependence of quinol oxidation by about 1 pH unit to more
alkaline pH [12].
In contrast, the pK of the ISP redox potential in the two
acidophilic prokaryotes Sulfolobus acidocaldarius and Thioba-
cillus ferrooxidans is generally shifted by almost 2 pH units to
more acidic pH [13,14], re£ecting an adaptive response to the
acidic environment of these organisms [14]. Similarly, the
acidic pK of about 6.5 for the oxidised ISP in chloroplasts
of higher plants has been related to the pH dependence of the
chloroplast ISP redox potential [15], in agreement with the pH
dependence of plastoquinol oxidation [16] and cyt f reduction
[17].
Recently, a point mutation in the ISP (P194L) has been
shown to a¡ect thermal dissipation of absorbed light energy
in the pgr1 mutant of Arabidopsis thaliana [18]. Physiological
characterisation of this mutant under in vivo conditions in-
dicated that photosynthetic electron transport was unchanged
at low light intensities, but signi¢cantly reduced under satu-
rating light conditions. In addition, the reduced capacity of
thermal energy dissipation in high light was accompanied by
the retardation of violaxanthin de-epoxidation kinetics, both
indicating a limited acidi¢cation of the thylakoid lumen under
these conditions in the mutant [18]. In the present study, we
have analysed the electron transport in isolated thylakoids
from wild-type (WT) and pgr1 mutant plants and focused
on the pH dependence of plastoquinol oxidation.
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2. Materials and methods
2.1. Plant materials and growth conditions
A. thaliana WT (ecotype Columbia gl1) and pgr1 were cultured in
soil under greenhouse conditions (80^100 Wmol photons m32 s31, 16 h
light/8 h dark cycles) for 4^6 weeks.
2.2. Chloroplast preparation
Leaves from 4^6 weeks old plants were homogenised in a medium
containing 330 mM sorbitol, 20 mM Tricine/NaOH pH 7.6, 5 mM
EGTA, 5 mM EDTA, 10 mM NaCO3, 0.1% (w/v) BSA, and 330 mg
l31 ascorbate. After centrifugation for 5 min at 2000Ug, the pellet
was resuspended in 300 mM sorbitol, 20 mM HEPES/KOH pH 7.6,
5 mM MgCl2, and 2.5 mM EDTA. With this procedure, high yields of
broken chloroplasts were obtained, which retained high photosyn-
thetic activity for several hours.
2.3. Measurement of 9-aminoacridine (9-AA) £uorescence
Fluorescence of 9-AA was measured with the instrumental setup as
described [19]. Measurements were performed in a medium containing
50 mM Tricine/NaOH pH 8.0, 100 mM NaCl, 10 mM MgCl2, 0.1
mM phenazine methosulphate and thylakoids equivalent to 25 Wg
chlorophyll ml31. After registration of the basal £uorescence, 9-AA
was added to yield a ¢nal concentration of 25 WM.
The maximum vpH was calculated from the quenching of 9-AA
£uorescence under illumination with saturating actinic red light
(Vs 630 nm) following the approach by Schuldiner et al. [20] and
applying the calculations from Laasch et al. [21].
2.4. Photosynthetic electron transport rates
Electron transport rates under saturating illumination with red light
(Vs 630 nm) were derived from measurements of photosynthetic oxy-
gen evolution using a Clark type oxygen electrode. Thylakoids equiv-
alent to 10 Wg chlorophyll ml31 were used for all measurements.
Linear electron transport (H2OCK3[Fe(CN)6]) was measured in a
medium containing 330 mM sorbitol, 40 mM HEPES/NaOH pH
7.6, 10 mM NaCl, 5 mM MgCl2, 2 WM gramicidin D, and 5 mM
NH4Cl using 0.5 mM K3[Fe(CN)6] as terminal electron acceptor.
2.5. Measurements of P700 reduction kinetics
The transient oxidoreduction of P700 [22] was measured £ash-spec-
trophotometrically (for methodological details see [23]). Thylakoids
equivalent to 10 Wg chlorophyll ml31 were suspended in a medium
containing 5 mM MgCl2, 10 mM NaCl, 0.3 M sorbitol. 5 mM Tri-
cine/NaOH was used as bu¡er in the pH range from 7.0 to 8.0, 5 mM
MOPS/NaOH in the pH range from 6.0 to 7.0 and 5 mM MES/
NaOH in the pH range from 5.0 to 6.0. 200 WM K3Fe(CN)6 was
added as electron acceptor.
3. Results
3.1. Kinetics of P700 reduction
Electron transfer from cyt b6/f to PSI has been investigated
in isolated thylakoids from WT and pgr1 mutant plants of
Arabidopsis by £ash-spectrophotometric measurements of
P700 reduction. In comparison with WT thylakoids, the re-
duction of P700 in the mutant was di¡erentially altered in
respect of its dependence on the pH of the suspension medium
(Fig. 1). At pH 7.5 and 8, the kinetics of P700 reduction were
nearly identical in both types of plants. Obviously, electron
transfer through the Rieske protein was not disturbed in gen-
eral by the P194L exchange in this subunit. At pH values
between 7.0 and 6.0, however, the kinetics of P700 reduction
were strongly retarded in the mutant, but only slightly re-
duced in WT thylakoids. After further acidi¢cation of the
reaction medium to pH 5, the electron transfer kinetics were
also slowed down in WT thylakoids (see Fig. 1). These data
imply that the general function of the Rieske protein in elec-
tron transfer is not impaired in the pgr1 mutant but only the
pH dependence of this reaction.
3.2. Transmembrane proton gradient
The pH of the thylakoid lumen generated by illumination of
isolated thylakoids has been estimated from changes in the
£uorescence of 9-AA. The pH of the suspension medium
(and thus at the stromal side of the thylakoid membrane)
was varied between pH 8 and 7 (Fig. 2). In both types of
plants the apparent transmembrane vpH was reduced with
decreasing medium pH showing that the lumen pH and no
other factors like electron transport capacity or proton con-
ductance of the thylakoid membrane were limiting further
acidi¢cation. Otherwise, one would have expected that, par-
ticularly in the mutant, the apparent transmembrane vpH
would have remained constant, independent of the medium
pH. The data further show that the apparent transmembrane
pH in the mutant is about 1 pH unit smaller than in WT
thylakoids so that the minimal lumen pH in WT and mutant
thylakoids under saturating illumination can be estimated
with about pH 5 and 6, respectively.
3.3. Rates of linear electron transport
Rates of linear photosynthetic electron transport in thyla-
koids from both types of plants have been determined from
polarographic measurements of oxygen evolution. As shown
in Fig. 3, the pH dependence of electron transport from PSII
(electron donor: H2O) to PSI (electron acceptor:
K3[Fe(CN)6]) was clearly di¡erent in both genotypes. Under
uncoupled conditions, no transmembrane proton gradient can
Fig. 1. Flash-induced transient oxidation and rereduction of P700.
Time resolution 200 Ws per point. Every ¢fth point is shown. Sam-
ples were excited with saturating single turnover £ashes (Vs 610
nm). 40 signals were averaged under repetitive excitation (0.1 Hz).
The dotted lines indicate the level of fully reduced P700 prior to ex-
citation. 10 measuring points before excitation are shown for each
signal. Upward-directed signals indicate oxidation of P700.
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be generated under illumination so that the lumen pH is ex-
pected to be identical with the pH adjusted in the reaction
medium. In WT thylakoids, maximum activities of uncoupled
electron transport were yielded in a broad range between pH
6.25 and 8 and dropped to lowest values at pH 5 (Fig. 3, ¢lled
circles). In contrast, inhibition of electron transport in the
mutant started at pH 7.25 and reached lowest values already
at pH 6 (Fig. 3, ¢lled squares). Obviously, the pH-dependent
inactivation of linear electron was shifted by about 1 pH unit
to alkaline pH values in the mutant in comparison with WT
thylakoids.
Under coupled conditions, a transmembrane proton gra-
dient is built up under illumination so that the actual lumen
pH is in£uenced by two parameters, the pH adjusted in the
medium and the light-induced acidi¢cation. Light-induced lu-
men acidi¢cation is supposed to generate a lumen pH of
about 5 in WT thylakoids and of about 6 in mutant thyla-
koids (see Fig. 2). Thus no strong dependence of the electron
transport rates on the medium pH can be expected under
coupled conditions. This is indeed re£ected by the results giv-
en in Fig. 3 showing more or less similar rates of electron
transport over the whole pH range for thylakoids of both
types of plants, although the rates obtained with pgr1 thyla-
koids were signi¢cantly lower than those determined for WT
thylakoids at most pH values.
4. Discussion
The presented data show that the reduction of photosyn-
thetic electron transport in the pgr1 mutant found in vivo
under saturating light conditions [18] originates from an al-
tered pH dependence of plastoquinol oxidation. The similar
maximum rates of linear electron transport at pH 8 and the
similar ratio of uncoupled/coupled electron transport rates at
this pH in both genotypes (Fig. 3) support the view that
electron transfer in general and the membrane properties are
not altered in the mutant. Since plastoquinol oxidation is the
rate limiting step of linear photosynthetic electron transport in
isolated thylakoids [22], the di¡erences between WT and mu-
tant plants in the pH dependence of electron transport can
thus be directly related to the P194L mutation in the ISP of
the cyt b6/f complex. This conclusion is corroborated by the
measurements of P700 reduction in single turnover experi-
ments (Fig. 1). The identical half-times of 20^30 ms for the
rereduction of P700 at pH 8 in both genotypes are in agree-
ment with the kinetics of earlier determinations in spinach and
pea [22,24] and with the rates of cyt f reduction in leaves from
di¡erent plants [1] underlining the fully functional electron
transport capacity in mutant thylakoids at neutral and alka-
line lumen pH.
The determination of the transmembrane vpH at varying
pH values on the outer, stromal side of the thylakoid mem-
brane (Fig. 2) has shown that the lumen pH remains nearly
constant independent of the outer pH. Although no calibra-
tion of the 9-AA signal in Arabidopsis thylakoid membranes
has been established so far, the similarity of the obtained
results with those reported for spinach thylakoids [25] sup-
ports the reliability of the calculations. Therefore, we can
conclude from these data that the lumen pH in pgr1 plants
is adjusted to about pH 6 at saturating illumination under
both in vivo and in vitro conditions. This implies that at a
lumen pH of about 6 proton release from plastoquinol oxida-
tion at the cyt b6/f complex is in equilibrium with proton
re£ux to the stromal side of the membrane. As estimated
from Fig. 1 the half-time of P700 reduction and thus of plas-
toquinol oxidation is about 150 ms at this pH in pgr1 thyla-
koids, so that a reduction of electron transport by a factor of
5^10 in comparison with the maximum kinetics at pH 8 is
su⁄cient to prevent lumen acidi¢cation below pH 6. A similar
reduction of the kinetics was found for WT thylakoids when
Fig. 2. Measurement of the transmembrane vpH. The maximum
light-induced (1500 Wmol photons m32 s31) pH di¡erence across iso-
lated thylakoid membranes from WT and pgr1 plants was estimated
from the quenching of 9-AA £uorescence. Mean valuesP S.D. of
three to ¢ve independent experiments are shown.
Fig. 3. pH dependence of linear electron transport. Electron trans-
port rates from PSII (electron donor H2O) to PSI (electron acceptor
K3Fe(CN)6) were calculated from measurements of oxygen evolu-
tion under saturating red light (Vs 610 nm). Coupled (open sym-
bols) and uncoupled (¢lled symbols) rates were determined with the
same sample by adding the uncouplers gramicidin D (2 WM) and
NH4Cl (5 mM) after measuring coupled electron transport for
2 min. Mean valuesP S.D. of four independent experiments are
shown.
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the pH was dropped below 5.5 (Fig. 1), in agreement with the
data from the literature (see [1] and references therein).
The shift in the pH dependence of cyt b6/f activity in the
mutant in comparison with WT plants implies that the P194L
mutation induced a pK shift of about 1 pH unit in an amino
acid of the ISP, which is essential for electron transfer and
thus plastoquinol oxidation. As the pK of a histidine ligand to
the [2Fe^2S] cluster (H161 in the ISP of bovine mitochondria)
is supposed to be responsible for the pK of the oxidised ISP
[8,9], it is likely that the P194L mutation altered the pK of this
ligand (corresponding to H178 in A. thaliana). It is tempting
to speculate that the shift in the pH dependence of cyt b6/f
activity in the mutant is accompanied by the reduction of the
redox midpoint potential of the ISP in pgr1 plants. However,
it is known from speci¢c mutagenesis of the ISP in R. sphae-
roides that changes in the redox potential of the ISP are not
necessarily paralleled by changes of the pK, while on the other
hand a shift of the pK by about 1 pH unit to more alkaline
pH may be accompanied by a reduction of the Em by about
120 mV [15]. Thus it is clear that direct determination of the
Em is necessary to evaluate the in£uence of the P194L muta-
tion on the redox potential of the ISP.
Alignment of the ISP sequences from di¡erent organisms
[6,18,26] revealed that the mutation in pgr1 plants is located in
the ‘proline loop’ of the ISP, 16 amino acids separated from
one of the histidine ligands to the [2Fe^2S] cluster (H178 in A.
thaliana or H161 in bovine mitochondria), which is located in
the ‘ligand loop II’. It can be speculated from our data that
amino acids in the proline loop may in£uence the pK of this
histidine and thus the pH dependence of electron transfer
through the ISP. As estimated from the published structure
of the ISP in bovine mitochondria [9], however, the spatial
distance of about 10 AS between H178 and P194 seems to be
too large to allow a direct interaction of these two residues.
Thus it looks more likely that an indirect interaction ^ possi-
bly through H141, another ligand to the [2Fe^2S] cluster,
which is located between P194 and H178 ^ is responsible
for the observed shift in the pH dependence of plastoquinol
oxidation. It is interesting to note that in S. acidocaldarius, an
acidophilic archaeon, an altered pK of the oxidised ISP is also
paralleled by the exchange of the corresponding proline to
valine in the Rieske ISP encoded by the soxL gene [26]. In
conclusion, the pgr1 mutant is an interesting tool to study the
pH regulation of electron and proton transfer through the cyt
b6/f complex and the role of amino acids in the ‘proline loop’
in determining the pK of the oxidised ISP.
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